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INTRODUCTION 
We have built a low-frequency scanning acoustic microscope (SAM) 
that measures both amplitude and phase. The majority of SAMs simply 
measure the amplitude of the reflected signal. Measuring the phase 
gives a great deal more information. For one thing, the phase is very 
sensitive to height variations. Measuring the phase also gives us the 
ability to do signal processing on the resulting images, such as re-
moving the effects of surf ace features from defocused images of subsur-
face defects. 
THE MICROSCOPE 
An efficient broadband focused transducer is excited with a tone 
burst. The transducer also receives the reflected echo from the sample 
of interest. As shown in Fig. 1, the 3 MHz tone burst is generated 
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Schematic of the amplitude and phase acoustic microscope. The 
real and imaginary parts of the reflected signal are measured 
from a sequence of four tone bursts with the reference shifted 
in 90' increments. 
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from a 12 MHz clock. The 12 MHz clock is also used to generate a 
3 MHz cw reference whose phase can be shifted by 90' increments rela-
tive to the transmitted tone burst. The return signal is then mixed 
with the reference signal and the result is integrated and digitized. 
The in-phase component of the reflected signal is obtained by taking the 
difference of the resulting O' and 180' components, and the quadra-
ture component is obtained by taking the difference between the 90' 
and 270' components. This removes any dc offset that may be present 
in the mixer, gated integrator, or digitizer. 
NUMERICAL DEFOCUSING 
A common technique used with SAMs is defocusing the transducer to 
obtain enhanced subsurface defect detection which consists of moving the 
transducer closer to the sample of interest. This concentrates more 
acoustic energy below the surface, leading to greater contrast when sub-
surf ace features are present. A defocused image contains information 
from both surf ace and subsurface features. If there are features on the 
sample's surface, such as random roughness, they will show up in the de-
focused image. It would be useful to be able to distinguish between 
surf ace and subsurface effects in order to remove the surf ace effects 
from a defocused image. With both amplitude and phase information, it 
is possible to do this to a large degree by also taking an image with 
the transducer on focus. 
By taking an on-focus image, it is possible to numerically defocus 
the image by an amount equivalent to the defocused image. Because the 
on-focus image contains surf ace informat ion, the numerically-defocused 
image will contain defocused surface features. The difference image be-
tween the numerically- and experimentally-defocused images will contain 
only subsurface features. 
In order to perform this numerical defocusing, we need to do three 
things: (1) characterize the transducer; (2) determine the effect of 
the transducer's characteristics on image formation; and (3) determine 
how these characteristics change as the transducer is defocused. 
TRANSDUCER CHARACTERIZATION 
The transducer will be characterized by plane wave decomposition 
[1] and V(z) inversion [2]. The field produced by a transducer can be 
aecomposed into a superposition of plane waves by taking the two-dimen-
sional Fourier transform of the generated field in a plane perpendicular 
to the transducer's face. 
3t{s10 (z; x, y) 
where s10 is the generated field, S10 corresponds to a plane wave 
with wave number (kx ' ky, kz), and 
(1) 
It is easy to relate the plane wave decomposition from one plane to 
another by multiplying each plane wave component by a phase factor (as-
suming the water is approximately lossless): 
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The field at another plane can be calculated by inverse transform-
ing the propagated plane wave spectrum 
slO(z; x, y) -1 k , k )} = [1j" . {SOI (z; x y (3) 
or 
+ 
slO(z;X) -1 + f7 {SOl(z;K)} (4) 
+ 
where X = (x,y) and ~ = (k , k ) • 
x y 
The response of a transducer to an incoming plane wave can be re-
lated to its outgoing spectrum if the transducer is reciprocal so that 
(5) 
SOI (z;~) is a response to plane wave with a wave number (kx ' ky, -kz) • 
If the transducer is located over a uniform sample, we can compute 
the transducer's output as a function of its distance from the sample, 
if we know the sample's reflection coefficient for plane waves as a 
function of wave number. This is the famous V(z) curve and is given 
by 
co 
V(z) • J (6) 
-co 
where R(K) is the sample's reflection coefficient. 
If we assume a reciprocal transducer and sample that are circularly 
symmetric, this reduces to 
ship 
co 
J 2 2ik z + + Z V(z) a kzS10(K)R(K)e 
-co 
dK . (7) 
With a couple of variable changes, this becomes a Fourier relation-
k/2 
.1 B2S;o(B)R(B)e iBZdB 
O 
(8) 
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(a) Theoretical V(z) for an F2 transducer operat ing at 
3 MHz . The f ocal length is 32 rom and the diameter is 
"-, 
16 rom • (b) Measured V(z) for a real F2 transducer operating 
at 3 MHz • Notice the good agreement with the theoretical 
model. 
where 8 = 2kz ' and S10 (8) = O for 8 < O and 8 > k/2 • 
We can invert this to obtain the product of the sample's reflect-
ance function and the square of the transducer's spectrum 
(9 ) 
If we know the reflectance function of a reference sample, and take 
V(z) for an unknown transducer using this sample, we can experimentally 
determine the transducer's spectrum. 
Taking the square root in Eq. 9 leads to a 180' phase ambiguity. 
If we assume the spectrum is continuous, we can flip the sign of the 
computed square roots in order to minimize the difference between ad-
jacent points in the spectrum. 
Figure 2 shows a theoretical V(z) curve for an F2 transducer 
(32 mm focal length, 16 rom diameter) operat ing at 3 MHz. The theo-
retical model assumed the field at the transducer's face was a truncated 
converging spherical wave. Notice the good agreement with the experi-
mentally-measured V(z) curve for a real F2 transducer. The curves are 
different, however, which is the reason behind experimentally character-
izing the transducer's spectrum rather than strictly using a theoretical 
model. 
Figure 3 shows the corresponding theoretlcal plane wave spectrum 
and the inverted spectrum from the measured V(z) curve. The sharp 
drop off in amplitude corresponds to the acceptance angle of the trans-
ducer. Notice that at a certain point, the inverted spectrum is zero. 
This was do ne because beyond that point the phase varied too rapidly to 
reliably remove the phase ambiguity. 
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Fig. 3. (a) Theoretical spectrum for the F2 transducer of Fig. 2. 
(b) Inverted spectrum for the real F2 transducer of Fig. 2. 
Again, notice the good agreement with the theoretical model. 
The spectrum was set to zero because of the algorithm used to 
remove ambiguity in the phase. 
Fig. 4. Acoustic images of fused quartz with a shallow depression 3 mm 
across and 50 ~m deep. Top images: On-focus image with F3 
transducer at 3 MHz (amplitude on left; phase on right). 
Second from the top: Experimentally measured, defocused image 
(10 mm). Third: Numerically defocused image obtained from on-
focus image using theoretical model for transducer's spectrum. 
Bottom: Difference between experimentally-defocused and numer-
ically-defocuşed images. The magnitude is multiplied by 10. 
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Now that we can experimentaIIy characterize the transducer, we need 
to know what effect the transducer has on image formation. In order to 
do this, we will make several simpIifying assumptions. We assume that 
the reflected acoustic field at the object's surface is a point-by-point 
product of the incident field and the object's acoustic field response. 
Second, the sample is reIativeIy flat compared to the focal depth of the 
transducer. This is a good approximation if the transducer used has a 
Iarge F-number (a small aperture). Third, there should be no mode con-
versions (such as into pseudo-Rayleigh waves). This is true for many 
composites or other materials with Iow acoustic velocities, or when the 
transducer is on focus. 
With these assumptions, the measured image is simpIy the round trip 
impulse response of the transducer convolved with the object's field 
response 
i{z; X) iO(X) * t(z; X) (10) 
Where the round trip impulse response is simpIy the product of the 
transmitting and receiving impulse responses 
+ + 
t(z; X) slO(z; X) s01(z; X). (11) 
These, in turn, are simpIy the Fourier transforms of the transmit-
ting and receiving spectra of the transducer, which we experimentaIIy 
determined 
+ 
-1 -1 + ik z 
slO (z; X) $' {SlO(z; ~)} $ {S10(K)e z } 
+ :r-1{S ( ~)} -1 + ikzz (12) sOI (z; X) d' 01 Z; $ {SOI (K)e } 
If we transform Eq. 13 to the Fourier domain, the convolution be-
comes a product 
I(z; ~) (13) 
By dividing Eq. 13 by itseIf, for different defocus levels, we can 
relate images taken at different defocus depths 
I(z1 ; ţ) IO(K) T(z; ~) 
I(zO; t) 10 (1<:) + T(zO; K) 
+ + 
T(z1; ~) 
(14) 11(z1; K) I(zO; K) ----
T(zo; ~) 
Thla glvea ua the abl11ty to take an on-focus lmage and numerlcally 
defocus it to any depth, if we know the transducer's spectrum. 
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Fig. 5. Line seans through the eenter of the depression of images in 
Fig. 4. (a) magnitude. (b) phase. 
EXPERIMENTAL RESULTS 
A fused quartz sample was made to determine, experimentally, if we 
eould indeed predict a defocused image from an on-focus image. The sam-
ple was polished smooth and then a 50 ~m depression 3 mm aeross was 
drilled into the surfaee. This was designed to simulate a small phase 
step. 
Some initial results were obtained by imaging with a 3 MHz F3 
transdueer, and numerieally defoeusing by using a theoretical model for 
the transdueer's speetrum. The images were taken on focus and with a 
10 mm defoeus. The results are shown in Fig. 4. Notiee the good 
agreement in both magnitude and phase between the experimentally-defo-
eused and numerically-defoeused images. Figure 5 shows single line 
seans of these images through the eenter of the defect in order to give 
a more quantitative indieation of the agreement. The differenee image 
demonstrates that surf ace features ean indeed be subtraeted from defoe-
used images. 
Fig. 6. Acoustic images of fused quartz with a shallow depression using 
the F2 transducer at 3 MHz. Bbttom right: magnitude of ex-
perimentally-defoeused image (defoeused 5 mm). Bottom left: 
magnitude of numerically-defocused image using spectrum ob-
tained by inverting V(z). Top left: magnitude of differenee 
multiplied by 10. Top right: phase of dtfference. 
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Fig. 7. Schematic of aluminum block with surface and subsurface defects. 
The same sample was then imaged using the F2 transducer, whose 
spectrum had been experimentally determined. Figure 6 shows the re-
sults. Again, the numerically-defocused image is close to the experi-
mentally-defocused image. 
Next, a sample with both surf ace and subsurface features was imaged 
with the F2 transducer. The sample was made of an aluminum plate shown 
schematically in Fig. 7. It had two holes drilled into the back side to 
within 1 mm of the front surface. These were the subsurface defects. 
Two depressions were drilled into the top side that was to be imaged: a 
shallow V-shaped hole, similar to the top of those drilled into the back 
side; and a shallow depression similar to the one imaged in the quartz 
sample. 
8 b 
Fig. 8. Acoustic images of aluminum block using F2 transducer at 
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3 MHz. (a) Experimentally-measured images. Amplitude is on 
the left; phase is on the right. Bottom: on-focus image. 
Top: defocused 5 mm. (b) Bottom right: magnitude of experi-
mentally-defocused image. Notice the increased contrast of 
subsurface features relative to numerically-defocused image 
(bottom left). AIso, the surface features are very similar. 
Top images: difference between numerically-defocused and ex-
perimentally-defocused images. Note increased contrast of sub-
surf ace defects relative to surf ace defects. 
In Fig. 8, we see that in the on-focus image, the surf ace defects 
appear clearly, especially in the phase images, whereas the subsurface 
features are much less visible. In the experimentally-defocused image, 
the subsurface features are greatly enhanced, much more so than in the 
numerically-defocused images. This is what we were looking for, be-
cause, when the difference is taken, the surf ace features are suppressed 
much more than the subsurface features. The subsurface features were 
somewhat suppressed because they were within the focal depth of the 
transducer. The shallow surf ace depression was suppressed much more 
than the V-shaped hole which extended deeper into the sample. 
CONCLUSION 
With the low-frequency acoustic microscope we can now do signal 
processing on images because of the ability to measure both amplitude 
and phase. We can characterize the angular spectrum of transducers by 
the inversion of V(z) data. This gives the ability to numerically 
defocus acoustic images and it enables surf ace features to be removed 
from experimentally-defocused images, leading to increased relative 
contrast of subsurface features. 
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